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Free-living protozoa play an important role in the ecology and epidemiology of human-pathogenic bacteria. In the present
study, the interaction between Yersinia enterocolitica, an important food-borne pathogen, and the free-living amoeba
Acanthamoeba castellanii was studied. Several cocultivation assays were set up to assess the resistance of Y. enterocolitica to A.
castellanii predation and the impact of environmental factors and bacterial strain-specific characteristics. Results showed that all
Y. enterocolitica strains persist in association with A. castellanii for at least 14 days, and associations with A. castellanii en-
hanced survival of Yersinia under nutrient-rich conditions at 25°C and under nutrient-poor conditions at 37°C. Amoebae culti-
vated in the supernatant of one Yersinia strain showed temperature- and time-dependent permeabilization. Intraprotozoan sur-
vival of Y. enterocolitica depended on nutrient availability and temperature, with up to 2.8 log CFU/ml bacteria displaying
intracellular survival at 7°C for at least 4 days in nutrient-rich medium. Transmission electron microscopy was performed to
locate the Yersinia cells inside the amoebae. As Yersinia and Acanthamoeba share similar ecological niches, this interaction iden-
tifies a role of free-living protozoa in the ecology and epidemiology of Y. enterocolitica.

Yersinia enterocolitica is the third most frequently reported
food-borne pathogen in the European Union, with 7,017 re-

ported human cases in 2011 (1). Yersiniosis occurs mainly in in-
fants and preschoolers and is characterized by acute enteritis with
fever and diarrhea. In adolescents and adults, pseudoappendicitis,
sequelae as arthritis and erythema nodosum, and septicemia can
also occur (2, 3). Most infections are caused by Y. enterocolitica
bioserotypes 4/O:3 and 2/O:9, which all harbor a virulence plas-
mid (pYV) that is required for full pathogenicity in humans (1, 4).
This virulence plasmid is optimally expressed at 37°C but can
become lost during laboratory cultivation (5, 6).

Most Y. enterocolitica infections in humans are associated with the
handling and consumption of raw or undercooked pork products
(1). Pigs are considered the primary reservoir of human-pathogenic
Y. enterocolitica, as they harbor these pathogens in the tonsils and
gastrointestinal lymphoid tissue (7, 8). However, many factors re-
lated to the epidemiology of Y. enterocolitica, such as environmental
sources and transmission routes, remain indistinct (9).

Free-living protozoa are unicellular, heterotrophic, eukaryotic
microorganisms ubiquitous in natural and anthropogenic aquatic
and terrestrial environments, including food-related environ-
ments (10–13). Free-living protozoa, including members of the
amoebal genus Acanthamoeba, graze on bacteria and are therefore
considered important bacterial predators. However, various bac-
teria are able to evade protozoan ingestion and/or digestion and
can even benefit from the association with protozoa (14). Some
bacteria enhance their survival by extracellular association (15),
although others are taken up and enter a membrane-bound vac-
uole, resisting protozoan digestion (16–18). Both associations re-
sult in survival, and even multiplication, of the bacteria in the
presence of its predator. The intraprotozoan location further rep-
resents a shelter for bacteria against physical and chemical envi-
ronmental conditions (16, 19). Moreover, free-living protozoa
serve as a vehicle for the colonization of new habitats (16) and
hosts (20). Free-living protozoa also play a role in the selection of
bacterial virulence traits and adaptation to survival in macro-

phages (21–24). In addition, gene transfer between intraproto-
zoan bacteria has been reported (25).

Yersinia enterocolitica and free-living protozoa share the same
ecological niches, such as water (26, 27), vegetables (28, 29), and
anthropogenic environments, e.g., domestic refrigerators (13, 30).
The role of free-living protozoa in the ecology and epidemiology
of food-borne pathogens such as Campylobacter, Salmonella, and
Escherichia coli has already been documented (31–33), but for Y.
enterocolitica, only brief descriptions of intraprotozoan replica-
tion, probably followed by the killing and digestion of the bacterial
strain (34), and increased resistance to free chlorine in their early
intraprotozoan lifestyle (19) have been reported so far.

To further elucidate the ecology and epidemiology of this com-
mon pathogen, evaluation of the importance of its association
with free-living protozoa, and the influence of environmental fac-
tors and Yersinia strain characteristics thereon, is needed.

The objectives of the present study were to assess the impact
and the nature of the associations between Y. enterocolitica and
free-living protozoa. Therefore, in vitro coculture experiments us-
ing the model protozoon Acanthamoeba castellanii and Yersinia
strains with different bacterial characteristics were performed un-
der different environmental conditions. These coculture experi-
ments (i) evaluated the ability of Y. enterocolitica to survive or
grow in association with the bacterivorous Acanthamoeba under
different conditions, (ii) assessed if the yersiniae could survive or
grow extracellularly on factors released by the amoebae and vice
versa, and (iii) assessed if Y. enterocolitica cells were resistant to
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amoebal digestion, if they could survive or grow intracellularly,
and exactly where they were located inside A. castellanii.

MATERIALS AND METHODS
Cultivation of Acanthamoeba castellanii. Acanthamoeba castellanii
amoebae (ATCC 30234; American Type Culture Collection) were main-
tained axenically in proteose peptone yeast extract glucose (PYG) me-
dium (ATCC recipe [http://www.lgcstandards-atcc.org/]) at 25°C in 75-
cm2 culture flasks. Light microscopic observations and plating of culture
samples onto plate count agar (PCA; Bio-Rad, Hercules, CA, USA), which
were incubated at 30°C for 48 h, were performed to verify the axenicity of
the culture. For coculture experiments, stationary-growth-phase amoe-
bae (3.5 days old) forming a monolayer were used. The adherent amoebae
were harvested by tapping of the flasks and subsequent centrifugation of
the solution (300 � g for 5 min), washed with Page’s amoeba saline (PAS;
ATCC recipe), and resuspended in PYG or PAS medium, depending on
the experiment to be performed. For further interaction studies, the
Acanthamoeba culture was diluted to ca. 5 � 105 living trophozoites/ml.
The actual cell numbers were determined with a Füchs-Rosenthal cham-
ber (Blaubrand, Wertheim, Germany). The membrane integrity and thus
also the cell viability of the Acanthamoeba trophozoites were assessed by
using the trypan blue exclusion assay (35).

Cultivation of Yersinia enterocolitica strains. Four Y. enterocolitica
strains, isolated between 2010 and 2011, were used in this study: strain
YeH3� (bioserotype 4/O:3; pYV�) and its plasmid-cured derivate YeH3�

were isolated from the stool of a 1-year-old boy, strain YeH9� (biosero-
type 2/O:9; pYV�) was isolated from the stool of a 43-year-old woman,
and strain YeM3� (bioserotype 4/O:3; pYV�) was isolated from minced
pork. All strains were maintained in glycerol at �20°C. Strains were cul-
tivated in tryptone soya broth (TSB; Bio-Rad, Hercules, CA, USA) at 37°C
for 24 h to activate the pYV virulence plasmid (36). At the stationary
growth phase, bacteria were harvested by centrifugation (10,000 � g for 5
min), washed in PAS, and resuspended in PYG or PAS (depending on the
experimental setup). For use in further experiments, the bacterial suspen-
sion was diluted to ca. 5 � 107 CFU/ml by using data from Y. enterocolitica
growth curves. The exact number of viable bacteria was determined after
plating of a serial dilution of the suspension onto PCA and 48 h of incu-
bation at 30°C. Before the start of the experiments and after each coculture
experiment, the bioserotype and the presence of the virulence plasmid of
each Y. enterocolitica strain were verified by biochemical testing and PCR
analysis, as described previously by Van Damme et al. (37).

Coculture experiments. Coculture experiments with A. castellanii
and the four Y. enterocolitica strains were performed in both nutrient-rich
(PYG) and nutrient-poor (PAS) media (34, 35, 38) at 7°C, 25°C, and 37°C.
These nutrient and temperature conditions were used to mimic natural
conditions (e.g., aquatic areas [39]), food-related environmental condi-
tions (e.g., refrigerators and temperatures and organic loads in food pro-
cessing areas [13, 40]), and the mammalian body temperature.

Persistence of Yersinia in coculture with Acanthamoeba castellanii.
The ability of Y. enterocolitica to survive in association with bacterivorous
amoebae was assessed by persistence assays. With these assays, no distinc-
tion could be made regarding whether recovered bacteria were internal-
ized in the amoebae or were adherent or free-living extracellular bacteria.
Acanthamoeba castellanii cells were seeded into 12-well plates (2 ml/well at
a concentration of ca. 5 � 105 living trophozoites/ml PYG or PAS), and
plates were incubated at 25°C for 2 h to allow amoebal settlement and
adhesion. The medium was then gently removed and replaced by 2 ml Y.
enterocolitica suspension (ca. 5 � 105 or 5 � 107 CFU/ml, dissolved in
PYG or PAS) to achieve a multiplicity of infection (MOI) of ca. 1 bacte-
rium per amoeba and ca. 100 bacteria per amoeba, respectively. Plates
were centrifuged at 50 � g for 5 min to enhance cell contact and incubated
at 7°C, 25°C, or 37°C. Monocultures of A. castellanii and of each Yersinia
strain were included as controls. At days 1, 2, 3, 6, 7, 10, and 14, the cells
were harvested by scraping the wells. Amoebal cell integrity was visually
evaluated by light microscopy and the trypan blue exclusion assay. The

number of viable Yersinia cells was determined after plating of serial dilu-
tions of the cell suspension onto PCA and incubation for 48 h at 30°C.

Effect of released factors on microbial survival and growth. The abil-
ity of Y. enterocolitica to survive and/or grow in association with A. castel-
lanii without direct interaction with the amoebae, i.e., extracellularly on
factors released by the amoebae and vice versa, was determined by super-
natant assays. Therefore, A. castellanii (ca. 5 � 105 cells/ml) and Yersinia
strains (ca. 5 � 107 CFU/ml) were harvested after 5 min of centrifugation
at 300 � g and 5 min at 10,000 � g, respectively. The supernatants of both
the bacterial and amoebal monocultures were filter sterilized (0.22-�m
Nalgene Syringe cellulose acetate membrane; Thermo Scientific, Lan-
genselbold, Germany), and the pH of the bacterial supernatant was mea-
sured (WTW pH 330i; WTW, Weilheim, Germany). Subsequently, the
Yersinia cells were resuspended in the supernatant of the amoeba cultures
and vice versa. One milliliter of each Yersinia or A. castellanii suspension
was inoculated into 12-well plates. As controls, amoebae suspended in
TSB medium (growth medium of the Yersinia cultures) and Y. enteroco-
litica strains suspended in PYG medium (growth medium of Acanth-
amoeba) were included. All plates were incubated at 7°C, 25°C, and 37°C.
After 3 h and 1, 2, and 3 days of incubation, cells were harvested by
scraping the wells. The number of viable Yersinia cells and the amoebal
concentration and cell integrity were determined as described above.

Intraprotozoan survival of Y. enterocolitica. The ability of Y. entero-
colitica to survive inside A. castellanii, and the number of intracellular
Yersinia cells, was assessed by gentamicin protection assays. Cocultures
and amoebal monocultures were set up as described above for the persis-
tence assays. After 2 h of (co)cultivation, the medium was gently removed,
and the cells were washed with PAS to minimize extracellular bacteria.
Afterwards, 4 ml of gentamicin sulfate solution (Sigma-Aldrich, St. Louis,
MO, USA) at a final concentration of 100 �g/ml PYG (34) was added to
each well, and the plates were incubated for 1 h at 7°C, 25°C, or 37°C to kill
extracellular Y. enterocolitica cells. In previous tests, this gentamicin treat-
ment was effective in killing 99.97 to 100% of the Y. enterocolitica cells,
with no effect on the viability of Acanthamoeba castellanii (data not
shown). For the experiments with PAS, gentamicin suspended in PYG was
also used for initial killing of the extracellular bacteria, as this treatment
was most effective (34). After incubation, wells were washed with PAS,
and 4 ml gentamicin maintenance solution (20 �g gentamicin/ml PAS or
PYG, depending on the experimental setup) was added to each well. This
moment was defined as the 0-h time point (i.e., 3 h after initial setup of the
[co]culture). The plates were further incubated at 7°C, 25°C, or 37°C, and
after 1, 2, 3, and 4 days, the number of amoebae and the intra- and extra-
amoebal bacterial counts were determined. For the extra-amoebal bacte-
rial counts, the supernatant was removed and plated onto PCA plates.
Afterwards, wells were washed with PAS, 4 ml PYG or PAS was added to
each well, and the amoebae were harvested by cell scraping. This cell
suspension was subsampled for further analysis: 0.5 ml was used for enu-
meration and viability testing of amoebae as described above, 2 ml of the
cell suspension was used for transmission electron microscopy (TEM)
analysis (see below), and the remaining amoebal suspension (1.5 ml) was
used to determine the intra-amoebal bacterial counts. For the latter, the
amoebae were lysed with 0.5% sodium deoxycholate for 5 min at room
temperature, which has been shown to result in effective lysis of the amoe-
bae without affecting intracellular bacteria (data not shown). The suspen-
sion was plated onto PCA plates. All plates were incubated at 30°C for 48
h, after which the extra- and intracellular Yersinia cells were counted.

Localization of intraprotozoan Y. enterocolitica. TEM was applied to
determine the exact subcellular location of intraprotozoan Y. enteroco-
litica. The amoebae from the coculture and control wells from the genta-
micin protection assays (second aliquot) were harvested by centrifugation
at 300 � g for 5 min and serially fixed with glutaraldehyde in sodium
cacodylate buffer (pH 7.4) as follows: 0.8%, 1.25%, and, finally, 2.5%
glutaraldehyde in 0.05 M sodium cacodylate buffer (each concentration
included a 20-min incubation at 4°C under continuous rotation [13 rpm]
[Dynal MX-1; Life Technologies, Belgium]). Cells were then rinsed three
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times for 10 min in 0.05 M sodium cacodylate buffer. Postfixation took
place in 1% osmium tetroxide in the same buffer for 1 h at room temper-
ature. Afterwards, the cells were rinsed twice with distilled water and were
stepwise dehydrated, using ethanol series of increasing concentrations (15
to 100% ethanol, for 10 min each). The cells were subsequently impreg-
nated with a low-viscosity embedding medium (Spurr’s resin [41]), and
polymerization was performed at 70°C for 8 h. Samples were sectioned on
a Reichert Ultracut S instrument (Leica, Vienna, Austria), first semithin
(0.5 �m) until the region of interest was reached, after which ultrathin
(70-nm) sections were made. Semithin sections were studied by using a
Wild light microscope (Heerbrugg, Switzerland). Ultrathin sections were
studied with a JEOL JEM-1010 transmission electron microscope (JEOL
Ltd., Tokyo, Japan) operating at 60 kV, and pictures were digitized by
using a Ditabis system (Pforzheim, Germany).

Statistical analysis. All assays (persistence, supernatant, and gentami-
cin protection) were performed in triplicate, except for the persistence
assay at an MOI of 1:1. Statistical data analysis was performed on the
quantitative data by using Stata 11.0 software (Stata Corporation, College
Station, TX, USA). A probability (P) value of �0.05 was required for
statistical significance. Bacterial counts obtained by the persistence assays
were log10 transformed and analyzed for each time point by using gener-
alized least-squares regressions, with strains as random effects. Coculture
and monoculture counts were compared for every combination of tem-
perature and nutrient condition. To determine strain and/or temperature
differences in the absolute number of living amoebae/bacteria (superna-
tant test) and of intraprotozoan Yersinia cells (gentamicin protection as-
says), negative binomial regressions were used, including strains as ran-
dom effects where necessary.

RESULTS
Persistence of Yersinia in coculture with Acanthamoeba castel-
lanii. In general, for each strain under each experimental condi-
tion (temperature and medium combination), the survival of Y.
enterocolitica cells in both cocultures and controls was shown not
to be strain dependent.

In the cocultures, under nutrient-poor conditions (PAS) (Fig.
1A), the number of viable yersiniae did not differ significantly
between the different temperatures (P � 0.05). The number of
viable Yersinia cells under both coculture and monoculture con-
ditions at 7°C and 25°C remained almost constant during the 14-
day monitoring period, with no significant differences between
cocultures and monocultures (P � 0.05). At 37°C, the number of
viable Yersinia cells in the monocultures decreased earlier than the
ones in the cocultures, and by day 14, the number of viable Yer-
sinia cells in the monoculture was significant smaller than that in
the cocultures (P � 0.001).

Under nutrient-rich conditions (PYG) (Fig. 1B), the number
of viable yersiniae was significantly higher in cocultures at 7°C and
25°C than in cocultures at 37°C after 1 day and significantly higher
at 7°C than at 25°C after 6 days (P � 0.001). However, similar
differences between temperatures were obtained in the Yersinia
monocultures. For each temperature, an initial bacterial growth of
0.5 to 1.5 log CFU/ml was observed for both cocultures and con-
trols (Fig. 1B). From day 3 onwards, a status quo of viable Yersinia
cells was observed in both co- and monocultures at 7°C (ca. 9.5 log
CFU/ml) and in the cocultures at 25°C (ca. 8.5 log CFU/ml),
whereas bacterial viability in the monocultures at 25°C decreased.
At 37°C, no viable Yersinia cells could be recovered after day 3 in
both the co- and monocultures. At 7°C and 37°C, no significant
difference in viable Yersinia counts was detected between the co-
cultures and the monocultures, whereas at 25°C, the number of

viable Yersinia cells in cocultures was significantly higher than that
in the monocultures from day 6 onwards (P � 0.05).

Under each condition (i.e., specific strain, temperature, and
medium combinations), light microscopy revealed no visual dif-
ference in amoebal cell integrity and density between cocultures
and amoebal monocultures during the 14-day monitoring period.
Under most conditions, the amoebae stayed adherent, and pseu-
dopodia and vacuoles were visible, in both co- and monocultures.
In contrast, in PAS medium at 7°C and 25°C, a gradual transfor-
mation of trophozoites into resting cysts was observed after 3 and
6 days, respectively, under both coculture and monoculture con-
ditions. However, after 14 days, living trophozoites were still de-
tected. At 37°C, amoebal viability declined, and cyst formation
and the presence of amoebal cell debris were observed from days 3
to 4 onwards under both coculture and amoeba monoculture
conditions. Furthermore, from day 6 onwards, no trophozoites
were detected at 37°C.

To increase the amoebal grazing pressure on Yersinia, persis-
tence assays at an MOI of 1:1 were also performed at 7°C, 25°C,
and 37°C under nutrient-poor conditions, which resulted in ob-
servations similar to those reported above for an MOI of 100:1
(data not shown).

Effect of released factors on microbial survival and growth.
In general, the survival and growth of yersiniae inoculated in
amoebal supernatant were similar to those seen in the controls.
For both, an initial growth of ca. 1.0 to 1.5 log CFU/ml was ob-

FIG 1 Persistence of Y. enterocolitica in coculture with A. castellanii. Yersinia
enterocolitica cells were cultivated with (full line) or without (dotted line) A.
castellanii in nutrient-poor PAS (A) or nutrient-rich PYG medium (B) at dif-
ferent temperatures (o, 7°C; Œ, 25°C; �, 37°C) at an MOI of 100:1. Values
represent the overall means of the four Y. enterocolitica strains of the three
replicate experiments � standard errors of the means.
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served at each temperature. At 7°C and 25°C, a slight increase of
ca. 1 log CFU/ml was detected after time, while at 37°C, a rapid
decrease in Yersinia viability of ca. 6 to 8 log CFU/ml was observed
after 1 day (data not shown).

No differences in amoebal survival and growth between those
amoebae cultivated in bacterial supernatant and those in control me-
dium were observed, except for amoebae inoculated in the superna-
tant of Yersinia strain YeH3� (Fig. 2). Here, significantly lower abso-
lute numbers of viable amoebae were detected in the bacterial
supernatant than in the control after 3 h of incubation at 37°C (P �
0.001), after 2 days at 25°C (P � 0.05), and after 3 days at 7°C (P �
0.001). From 3 h onwards, the number of living amoebae under su-
pernatant treatment conditions at 37°C was significantly lower than
that under treatment conditions at 25°C and 7°C (P�0.01). The total
number of amoebae, i.e., the sum of permeabilized and viable amoe-
bae, remained the same over time (ca. 5 � 105 cells/ml).

The initial pH of TSB medium before inoculation was 7.2 �
0.1, but it decreased to 5.2 when YeH3� was cultivated in TSB. The
pH-lowering effect of the other strains was less pronounced (pH
5.6 to 6.5). Acidified TSB medium alone (HCl; pH 5.2) also caused
permeabilization at 7°C and 37°C but to a much lesser extent (i.e.,
maximum of 28% permeabilized cells after day 3) than for the
amoebae cultivated in the YeH3� supernatant (data not shown).

Intraprotozoan survival of Y. enterocolitica. Under each ex-
perimental condition, amoebal counts and cell integrity remained
constant over time in both cocultures and amoeba monocultures.
In nutrient-poor medium (PAS) at 25°C and 37°C, no viable in-
tracellular Yersinia bacteria could be recovered after 1 day. At 7°C,
no extracellular Yersinia bacteria were recovered at the 0-h time
point, after treatment with 100�g/ml gentamicin. However, recovery
of extracellular Yersinia bacteria after 1 day, probably due to the fail-
ure of the gentamicin maintenance solution (20 �g/ml) to kill extra-
cellular bacteria in PAS at a low temperature, compromised the exact
determination of the amount of intracellular Yersinia.

In nutrient-rich medium (PYG), Y. enterocolitica could survive
inside A. castellanii (Fig. 3). Over time, all Y. enterocolitica strains
survived intracellularly for at least 4 days at 7°C, with 0.71 to 2.8
log CFU/ml detected inside the amoebae. At 25°C and 37°C, the
number of intracellular Yersinia bacteria decreased, with low or no
bacterial recovery at the end of the experiment. At each time point,
the number of intracellular Y. enterocolitica bacteria in coculture
with Acanthamoeba was significantly higher at 7°C than at 25°C
(P � 0.001) and 37°C (P � 0.001).

Although the initial inoculation concentration was the same
under each experimental condition (combination of strain and
temperature), counts were already significantly different between
temperature treatments at time point zero (i.e., after a 2-h feeding
period followed by a 1-h gentamicin treatment). Strains YeH3�

and YeM3� had similar concentrations at 0 h, whereas the num-
ber of viable yersiniae of strain YeH3� was almost 1 log CFU/ml
lower. Replicate counts at the 0-h time point of strain YeH9� at
7°C varied from 0.53 to 4.50 log CFU/ml (although with similar
inoculation levels at the start of the experiment), whereas repli-
cates of all other strain-temperature combinations varied much
less.

Localization of intraprotozoan Y. enterocolitica. At each
time point, transmission electron microscopy was performed to
determine the intra-amoebal location of the bacteria. Pseudopo-
dia and food vacuoles were visible, indicating that the experimen-
tal coculture conditions favored normal amoebic activity. After 3
days of cocultivation, the intraprotozoan bacteria were located in
the cytoplasm of the amoeba but were not visibly surrounded by
an amoebal vacuole membrane (Fig. 4). The host endoplasmic
reticulum (ER) was located close to the intracellular bacterium.

DISCUSSION

The present study showed that Acanthamoeba castellanii enhances
Yersinia enterocolitica survival under certain environmental con-
ditions. As Yersinia and Acanthamoeba share similar ecological
and anthropogenic niches, this interaction identifies a potential
role of free-living protozoa in the ecology and epidemiology of Y.
enterocolitica. Although Acanthamoeba is a bacterivorous free-liv-
ing species that actively grazes on bacteria, with an estimated inges-
tion rate of up to 700 bacteria per amoeba per hour (42), in the per-
sistence assays, no decreased bacterial viability was observed in the
cocultures with A. castellanii during the 14-day monitoring period.
This proves that Y. enterocolitica could survive in the presence of A.
castellanii, although no distinction could be made regarding whether
the recovered bacteria were internalized in the amoebae (i.e., resistant
to amoebal digestion) or were adherent or free-living extracellular
bacteria (i.e., resistant to amoebal uptake).

Moreover, the persistence assays showed that interaction with
A. castellanii enhances the survival of Y. enterocolitica under

FIG 2 Effect of supernatant from Y. enterocolitica strain YeH3� on A. castel-
lanii. Shown are percentages of living (indicated in gray) and permeabilized (in
black) amoebae related to the total amoebal count when cultivated in the
cell-free supernatant of a Y. enterocolitica culture (strain YeH3�) and incu-
bated at 7°C (A), 25°C (B), and 37°C (C). Amoebae were cultivated in the
growth medium of the Yersinia culture (TSB) as a control. Bars represent the
means of three replicate experiments � standard errors of the means.
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nutrient-rich conditions at 25°C and under nutrient-poor condi-
tions at 37°C. However, the presence of cell debris in both cocul-
tures and amoebal monocultures at the latter temperature indi-
cates amoebal lysis, presumably due to nutrient depletion and a

FIG 3 Intracellular viable counts of Y. enterocolitica at different incubation tem-
peratures. Acanthamoeba castellanii and Y. enterocolitica strains YeH3� (A),
YeH3� (B), YeH9� (C), and YeM3� (D) were cocultivated in nutrient-rich me-
dium and incubated at different temperatures (o, 7°C; Œ, 25°C; �, 37°C). Values
represent the means of three replicate experiments� standard errors of the means.

FIG 4 Acanthamoeba castellanii trophozoite with internalized Yersinia entero-
colitica. Shown are TEM micrographs of A. castellanii incubated for 3 days with
Y. enterocolitica strain YeH3� in nutrient-rich medium at 7°C (A and B) and of
an A. castellanii monoculture control (C). P, pseudopodium; V, food vacuole;
C, cytoplasm; Nm, nucleus membrane; N, nucleus; Ne, nucleolus; M, mito-
chondrion; Y, Yersinia enterocolitica; ER, endoplasmic reticulum; G, globules;
Cm, bacterial cell membrane.
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supraoptimal temperature. A similar decrease in amoebal viability
under co- and monoculture conditions was also reported by Baré et
al. and Greub et al. (35, 43). The formed amoebal cell debris may in
turn be used by Yersinia as a nutrient source, explaining the better
survival in the cocultures at 37°C than in the monocultures. The fact
that no Yersinia cells could be detected in both cocultures and
monocultures after 3 days of incubation in nutrient-rich medium at
37°C is presumably due to the high metabolic activity of Yersinia
under these conditions, which led to rapid nutrient depletion.

The present study also revealed that low temperatures and high
nutrient availability favor intraprotozoan survival. These condi-
tions are met in industrial food processing settings, at home as well
as in natural environments. Although Yersinia is a psychrotrophic
bacterium and can withstand low temperatures without amoebal
protection (bacterial monoculture controls in persistence assays)
(44), the association can enhance Y. enterocolitica survival by
physically protecting against chlorine treatment. Chlorine is a
compound commonly used to disinfect water and food processing
equipment, and increased resistance of intraprotozoan Y. entero-
colitica against chlorine has been reported (19).

In general, larger numbers of intracellular bacteria were recov-
ered at lower temperatures and for a longer period of time. This is
in parallel with a recently reported study where a Yersinia strain
was not recovered from Acanthamoeba polyphaga after 2 days at
30°C (34). The high intraprotozoan survival rate observed at 7°C
could be due to slower amoebal phagocytic digestion (45); bacte-
rial circumvention of amoebal digestion by escaping into the
amoebal cytosol, as observed by TEM; or both. Further research is
needed to elucidate Yersinia’s intracellular survival mechanisms.

The number of viable intracellular Yersinia bacteria decreased
with time. This could be due to (partial) bacterial digestion, bac-
terial release in the environment, and subsequent bacterial killing
by gentamicin or to a switch to a viable-but-noncultivable
(VBNC) state of the intracellular Yersinia bacteria (46). Partial
intraprotozoan digestion was described previously for other bac-
terial pathogens (35, 47–49). Linking back toward the results of
the persistence assay, whereby no reduction in the number of
viable bacteria was observed under most cocultivation conditions,
another explanation could be that intraprotozoan Yersinia cells
are released or trigger their release in the extra-amoebal environ-
ment (34). In the gentamicin protection assay, these extracellular
bacteria are killed by the gentamicin maintenance concentration,
whereas extracellular growth/survival is possible for yersiniae in
the persistence assay. In the gentamicin protection assay, no
amoebal growth was observed, which confirmed that the amoebae
did not appear to obtain adequate nutrients from Yersinia to in-
crease their concentration.

Strain variation in the intracellular survival capacity was de-
tected from the start of the experiments onwards, which could be
due to variation in the ability of the strains to invade or to become
internalized by Acanthamoeba or to their intrinsic intracellular
survival capacities. This study indicates that the presence of the
Yersinia virulence plasmid favors bacterial uptake and/or intracel-
lular survival, as at time point zero, the number of intracellular
yersiniae was higher for the plasmid carrying the YeH3� strain
than for its plasmid-cured derivative (YeH3�).

For the first time, TEM was used to visualize the exact subcel-
lular location of Yersinia inside A. castellanii. Images show that the
intracellular yersiniae were located in the cytosol and were not
visibly surrounded by an amoebal vacuole membrane. This may

indicate that Y. enterocolitica is able to circumvent the normal
digestion pathway by escaping from the food vacuole to the cyto-
sol. This postingestional adaptation mechanism to avoid proto-
zoan digestion was also described previously for members of the
genus Rickettsia (18). In addition, the Y. enterocolitica cells were
located close to the host endoplasmic reticulum (ER), which may
be advantageous, as the bacteria have easy access to newly synthe-
sized host proteins. Further research is necessary to reveal if the
colocalization of host ER and intracellular yersiniae is coinciden-
tal or if there exists a Yersinia mechanism to repose the host ER, as
described previously for Legionella pneumophila (50, 51).

In the supernatant assays, the supernatant of strain YeH3� (4/O:3;
pYV�) had a temperature-dependent permeabilizing effect on the
amoebae. It is not clear if this reflects a direct or indirect effect on
amoebal cell membrane integrity. During bacterial cultivation at the
start of the experiments, the pH of this supernatant had already de-
creased compared to the pH of the supernatants of the other strains.
However, the permeabilizing effect could not be explained by a pH
reduction as such. As this permeabilizing effect was not observed in
the persistence assays, a hypothesis could be that direct cell contact
between amoebae and bacteria may activate a host defense mecha-
nism to prevent permeabilization. Alternatively, the effect can be con-
centration dependent, as washing steps in the persistence assay pro-
tocol could have lowered the number of permeabilizing factors.
Further research is needed to identify the cause of this permeabiliza-
tion (influenced by temperature) and the observed pH drop, with
attention to the production of a potential bacterial toxin or a metab-
olite with antiprotozoan activity (14).

The association of Y. enterocolitica with protozoa has relevant
ecological and epidemiological implications. Besides enhancing Y.
enterocolitica survival in their presence, being intra- or extracellu-
lar, free-living protozoa have the potential to act as a reservoir,
vector, infection route, biological gym, and evolutionary crib for
intracellular Yersinia enterocolitica, as previously described for
other pathogenic bacteria (17, 24, 52, 53).
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